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Abstract
The CRAL_TRIO protein domain, which is unique to the Sec14 protein superfamily, binds to a diverse set of small lipophilic
ligands. Similar domains are found in a range of different proteins including neurofibromatosis type-1, a Ras GTPase-
activating Protein (RasGAP) and Rho guanine nucleotide exchange factors (RhoGEFs). Proteins containing this structural
protein domain exhibit a low sequence similarity and ligand specificity while maintaining an overall characteristic three-
dimensional structure. We have previously demonstrated that the BNIP-2 and Cdc42GAP Homology (BCH) protein domain,
which shares a low sequence homology with the CRAL_TRIO domain, can serve as a regulatory scaffold that binds to Rho,
RhoGEFs and RhoGAPs to control various cell signalling processes. In this work, we investigate 175 BCH domain-containing
proteins from a wide range of different organisms. A phylogenetic analysis with ,100 CRAL_TRIO and similar domains from
eight representative species indicates a clear distinction of BCH-containing proteins as a novel subclass within the
CRAL_TRIO/Sec14 superfamily. BCH-containing proteins contain a hallmark sequence motif R(R/K)h(R/K)(R/K)NL(R/
K)xhhhhHPs (‘h’ is large and hydrophobic residue and ‘s’ is small and weekly polar residue) and can be further subdivided
into three unique subtypes associated with BNIP-2-N, macro- and RhoGAP-type protein domains. A previously unknown
group of genes encoding ‘BCH-only’ domains is also identified in plants and arthropod species. Based on an analysis of their
gene-structure and their protein domain context we hypothesize that BCH domain-containing genes evolved through gene
duplication, intron insertions and domain swapping events. Furthermore, we explore the point of divergence between BCH
and CRAL-TRIO proteins in relation to their ability to bind small GTPases, GAPs and GEFs and lipid ligands. Our study
suggests a need for a more extensive analysis of previously uncharacterized BCH, ‘BCH-like’ and CRAL_TRIO-containing
proteins and their significance in regulating signaling events involving small GTPases.
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Introduction
The functional complexity of living organisms is not only
reflected by the number of genes or their protein products, but also
by the cross-talk between them. This is signified by the fact that
there are 1195 classes of known protein domain folds (based on
latest release of Structural Classification of Proteins; SCOP
database) belonging to 38221 Protein Data Bank entries of
experimentally solved structures, indicating that multiple proteins
tend to fold in a similar three dimensional structure. The ability of
a protein module to interact with multiple proteinaceous binding
partners potentially directs it to multiple cellular pathways and
functions and thus makes it more versatile. A second level of
complexity is added by the binding of non-protein molecules,
which can modulate the three dimensional conformation of the
protein domain and thus its cellular functions. The ‘Sec14
superfamily’ is one such large superfamily of protein modules
[1,2]. The members of this gene family have the ability to
specifically bind multiple small hydrophobic molecules such as
phosphatidylinositol (PI), tocopherol, retinaldehyde etc. [3]. The
Sec14-protein (Sec14p) of yeast was the first identified member of
this superfamily and is now known to be involved in exchanging PI
and phosphatidylcholine (PC) between lipid membrane bilayers,
making it essential for the transport of secretory proteins from the
Golgi complex [4].
The lipophilic domain of Sec14p is also designated as a
CRAL_TRIO domain (Pfam: PF00650, SMART: SM00516),
which was first identified in cellular retinaldehyde binding protein
(CRALBP) and Trio, a guanine nucleotide exchange factor (GEF).
Other proteins such as tyrosine phosphatase (PTP) [5], a-
tocopherol transfer protein (aTTP) [6], signaling regulator such
as Ras GTPase activating protein (GAP) neurofibromatosis type-1
(NF1) and RhoGEFs (Trio, Dbl, Duo, Dbs, Kalirin) [7] also have
similar three-dimensional structured protein domains and bind
unique small hydrophobic ligands. High resolution x-ray crystal
structures of CRAL_TRIO domains belonging to Sec14 super-
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tives. These include Sec14p (PDB ID: 1AUA) [8] and Sfh1p (PDB
ID: 3B74) [9] from yeast and a-TTP (PDB ID: 1R5L) [6], Sec14-
PH domain of NF1 (PDB ID: 2D4Q) [10], CRALBP (PDB
ID:3HY5) [11] and Sec14-L2/SPF (PDB ID:1OLM) [12] from
human. Despite sharing only an average ,30% sequence identity,
these CRAL_TRIO domains exhibit highly similar three dimen-
sional structures with an average root mean squared deviation of
2.6 A ˚. They include a shared a/b fold with alternating a-helices
and b-strands, which usually defines a hydrophobic pocket for
ligand binding. The CRAL_TRIO domain of human Sec14-L2
contains an additional C-terminal beta-sandwich domain [12]. At
the N-terminus of many CRAL_TRIO lipid-binding domains,
another conserved four helical domain has been identified, which
is now referred as a CRAL_TRIO_N domain (Pfam accession:
PF03765).
The BNIP-2 and Cdc42GAP Homology (BCH) domain was
initially recognized as a region of high protein sequence homology
between BNIP-2 (BCL2/adenovirus E1B 19kDa interacting
protein-2) and Cdc42GAP/p50RhoGAP [13]. This structural
protein domain is usually classified as ‘Sec14-like’ domain.
However, it exhibits only 14% sequence identity with the
CRAL_TRIO domain of the Saccharomyces cerevisiae Sec14p
protein. It is approximately 150 amino-acid in size and is known
to be involved in the control of diverse aspects of cell dynamics
such as apoptosis [14,15], cell migration [16], morphogenesis
[17,18,19], endocytosis [20], intracellular trafficking [21,22], cell
transformation [23] and differentiation [24]. This diverse range of
functions appears to be mediated by its unique ability to interact
with small GTPases and their regulators, both GAPs and GEFs
[15,18,19,23]. Through these direct protein-protein interactions,
BCH domains control the activation/inactivation of Rho GTPases
particularly those that are involved in the organization of the actin
cytoskeleton [25,26]. For example, the BCH domain of human
BNIP-2 promotes Cdc42 activation required for cell protrusions
[18] and muscle cells differentiation [24]. In BNIP-Sa, it also
maintains RhoA activity by displacing Cdc42GAP/p50RhoGAP
leading to cell rounding and apoptosis [15,19]. In contrast, the
BCH domain in BNIP-XL binds Lbc RhoGEF and prevents
RhoA activation [23]. Importantly, a mutation in the BCH
domain of the caytaxin protein (also called BNIP-H) is associated
with an intriguing neurological disorder, Cayman ataxia [27].
Adding to their biological significance, both BNIP-2 and BNIP-
XL are cleaved by caspases, releasing their BCH domains that
could lead to apoptosis [28] whereas BNIP-2 is also cleaved by
granzyme B during the natural killer cell-mediated killing to tumor
cells [29]. However, unlike CRAL_TRIO domains of the Sec14
superfamily, BCH domains are not known to interact with lipid
molecules and their postulated non-protein ligands are currently
unknown. Thus, based on distinct functional properties and their
low sequence similarity, there is an ambiguity in classifying BCH
together with conventional CRAL_TRIO domains. The BCH
domains of many proteins have been included in CRAL_TRIO
entry of domain databases such as Pfam (release: 25) (PF00650)
and SMART (SM00516). However, the CRAL_TRIO entry in
Pfam fails to recognize protein domains in a number of proteins,
which we clearly identify as the BCH domains (e.g.
XP_001512063, orange boxes in figure 1).
This article attempts to highlight the unique sequence and
structural features of BCH domains and outlines, which
distinguish them from the CRAL_TRIO domains of the Sec14
superfamily. We have identified a large number of BCH domains
from multiple organisms and a large dataset has been used to
describe the potential evolutionary relationship between the BCH
and CRAL_TRIO domains. BCH domains can be assigned to
three distinct subgroups and we further investigate the divergence
of these subgroups from their ancestral precursor genes, leading to
a wider functional specialization. A possible pathway of BCH
domain evolution is being proposed and we identified the most
likely point of divergence from CRAL_TRIO-like proteins. In
addition, we present 3-dimensional structural models for all three
subgroups of BCH domains. Based on the discussed features, it will
now be possible to distinctly identify BCH and CRAL_TRIO
domains within different proteins.
Materials and Methods
Identification of BCH and CRAL_TRIO domain containing
proteins from the GenBank database
The protein Blast search was carried out in the GenBank
database of NCBI to identify proteins containing putative BCH
domains. The BCH domain of Human BNIP-2 protein (NCBI
accession: NP_004321, amino-acid 167 to 314) as defined in our
earlier published work [13] was used as a query. With the e-value
cut-off of 1, our search picked up more than 400 proteins. These
were screened to define a dataset for more detailed analysis. The
sequences were grouped based on a 95% level of redundancy
using CD-hit [30] for easier comparison. Each group was
manually analyzed and the sequences were screened by iterative
multiple sequence alignments. Very small sequences (,100
amino-acid), which are unlikely to fold into defined BCH domains,
and sequences with long gaps in multiple sequence alignment
comparisons were discarded. This stringent selection criteria
including pair-wise sequence alignment with representative BCH
domains of human BNIP-2 (NP_004321), p50RhoGAP
(BAG60756) and GDAP (NP_060156) proteins ensured an
effective elimination of false positives in our dataset. This resulted
in a defined dataset of 175 proteins with putative BCH domains.
Since our search was able to identify even the most distantly
related BCH domains, we did not use PSI-BLAST. Moreover, it is
also likely to introduce noise in the multiple sequence alignment,
which we intend to use for characterizing BCH domains. The
information about the number and the position of introns within
these BCH domains was directly extracted from their correspond-
ing entries in the NCBI database. Previously, the introns have
been suggested to mark the boundary of functional domains [31].
Thus, we considered intron insertions only within the sequence
defined by two introns as N and C terminal ends of the putative
BCH domain.
Similar searches were carried out to identify CRAL_TRIO
domain containing proteins. However, we restricted this search to
the NCBI’s RefSeq database [32] and to eight model organisms,
Dictyostelium discoideum, Drosophila melanogaster, Danio rerio, Xenopus
laevis, Arabidopsis thaliana, Caenorhabditis elegans, Saccharomyces cerevisae
and Homo sapiens. The PSI-BLAST search using yeast sec14p
(NCBI accession: NP_013796) query identified multiple members
belonging to Sec14 superfamily. A large number of protein
homologs were identified in Arabidopsis thaliana (.30) and Drosophila
melanogaster (.20). In order to avoid a data bias, only few
representative sequences were selected from these organisms. This
was based on clustering in phylogenetic trees, which were
produced separately for each species. Outliers (defined as
sequences with no CRAL_TRIO domain identified by the Pfam
database) and shorter hits of length ,150 amino-acids were
excluded from further analysis. Multiple isoforms belonging to the
same protein were also discarded. Separate searches were carried
out for identifying members of the NF1 and RhoGEF subfamilies
using human NF1 (accession: AAB59558) and Trio (accession:
Divergence of BCH Domain from CRAL_TRIO Domain
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Sec14 superfamily was generated for constructing phylogenetic
trees and for further comparative studies.
Multiple sequence alignment and phylogenetic analysis
The CRAL_TRIO and BCH domain sequences were aligned
using the Clustal v2.0 multiple sequence alignment algorithm [33].
The pair-wise alignments were computed in slow and accurate
mode. The N and C terminal ends of BCH domain are ambiguous
and difficult to identify in individual proteins. The N-terminus of
the yeast CRAL_TRIO domain forms a long loop, which connects
it with the CRAL_TRIO_N domain at its N-terminus. Thus, the
long poorly unaligned terminal ends were removed and an
alignment of block of length 297 positions was retained for
constructing phylogenetic trees. The multiple sequence alignment
is referred to in the Table S2. The phylogenetic trees were created
by the Neighbor Joining (NJ) method [34] as implemented in
Clustal v2.0 while ignoring gapped columns. The NJ tree was
bootstrapped by 1000 bootstrap trials to confirm the robustness of
branches and was displayed by iTOL v1.8 (http://itol.embl.de/)
[35]. All alternative splice forms were excluded from the analysis.
The circular tree was displayed with the branches collapsed if the
average distance to leaves was ,0.05. This was done for keeping
the presentation clear. The branch lengths were also ignored in the
final display. The sequence logo was created by WebLogo (http://
weblogo.berkeley.edu/). All sequence identities are calculated by
MegAlign tool of Lasergene suit from DNASTAR Incorporation
(http://www.dnastar.com/).
Figure 1. Phylogenetic tree of CRAL_TRIO and BCH domains from the Sec14 superfamily. This bootstrapped Neighbor Joining tree
includes 175 BCH domains and 98 CRAL_TRIO/BCH-like domains from multiple organisms. The tree is displayed in a circular mode and different
groups are marked by colored stripes. The clades with branch length ,0.05 are collapsed and the number against each collapsed clade gives the
number of collapsed branches. Branch lengths are ignored in order to maintain clarity. Against each branch the domain architectures of individual
protein are shown as identified by the Pfam database (release 25) with a cut-off e-value #0.1. The Pfam database does not differentiate between
CRAL_TRIO and BCH domains and thus both are indicated by yellow colored rectangles. However, if no such domain was identified by the Pfam
database, we marked the annotations for BCH domains as determined by our analyses and they are indicated by an orange colored rectangle. The
protein length is scaled. Eexcept when there is more than one protein from one genus (for these NCBI accessions are also given with name initials)
only the generic names are given. The accession codes for remaining species/branches can be found in the Table S1. The abbreviations used are as
follows; Dr: Danio rerio, Tn: Tetraodon nigroviridis, Ci: Ciona intestinalis, Dd: Dictyostelium discoideum, At: Arabidopsis thaliana, Rc: Ricinus communis, Pt:
Populus trichocarpa, Gm: Glycine max, Mt: Medicago truncatula, Ps: Picea sitchensis, Zm: Zea mays, Os: Oryza sativa. This phylogenetic tree shows the
distinct clustering of BCH domains from CRAL_TRIO domains. The three BCH subgroups are group I, group II and group III respectively and distinct
groups within the CRAL_TRIO domain are also marked accordingly. Each cluster represents a distinct domain architecture. Pfam does not recognize
the complete domain in BCH groups. The CRAL_TRIO_N domain, which is characteristically associated with CRAL_TRIO domains, is also missing in
BCH and BCH-like (NF1 and RhoGEF) proteins. Similar to NF1 protein, Dictyostelium discoideum has an ancestral BCH sequence, which is associated
with a RasGAP domain.
doi:10.1371/journal.pone.0033863.g001
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No clear template with significant sequence homology was
identified for modeling BCH domains. Thus, structures were
predicted using the I-TASSER (Iterative threading assembly
refinement) [36] and the ROBETTA [37] servers. These
programs are available as the web based tools for De Novo
automated protein structure predictions. Both methods have
performed well in CASP experiments [38,39,40,41] and have
resulted in structural models by combining methods of threading,
ab initio modeling and further refinement. The multiple threading
alignments in I-TASSER were created by LOMETS algorithm to
identify the structure fragments from a library, which was
assembled by replica exchange Monte Carlo simulation methods.
The predicted models were simulated by TASSER iterations for
optimization to remove steric clashes between atoms and refining
side-chain rotamer conformations. The ROBETTA server is part
of the Rosetta folding program. It uses a Ginzu protocol [42] to
establish homology between experimentally known structures and
regions on amino acid sequences, which might fold into putative
domains. A fragment library was used for searching the
conformational spaces for loop regions and also for those regions
for which no structural homolog could be identified.
The structures of the BCH domains (length 173 amino-acid)
from human BNIP-2 (NCBI accession: NP_004321), RhoGAP
(NCBI accession: BAG60756), GDAP (NCBI accession:
NP_060156) proteins were predicted using I-TASSER with no
specified templates and restrains. Only the core BCH domain of
BNIP-2 was predicted using the ROBETTA server. The I-
TASSER found the highest sequence identity (17%) among all
available structures with the domain of human neurofibromatosis
type 1 protein (PDB ID: 2D4Q) [10]. The quality of the model was
assessed with PROCHECK [43]. Out of five predicted models,
the one with high C-score (confidence score) and low TM-score
value as calculated by I-TASSER was selected for further analysis
and comparisons. The C-score was calculated from the threading
template alignments and convergence parameters of assembly
simulations. A higher score signifies better alignment with the
template and a faster convergence of structures. The TM score
[44] is similar to root mean squared deviation measurement except
that a weighting scheme is used for reducing the effect of local
errors, which are caused by different orientations of mobile parts
such as loops and termini. The resulting structures were further
compared using the Dali structure alignment method [45].
Results
Identification and Phylogenetic clustering of BCH vs
CRAL_TRIO domains
Our search of the entire non-redundant GenBank database
identified 175 proteins containing a putative BCH domain. BCH
domains were identified in a wide range of eukaryotic species,
including slime molds, fungi, animals and plants. In contrast, no
BCH domain-containing proteins were identified from bacterial
species. To confirm the absence of BCH domains in prokaryotes,
we carried out Blast searches of all completed Archaea and
bacterial whole genome sequences using four BCH domain
sequences of Dictyostelium discoideum (a slime mold) as query
sequences and an e-value cut-off of .2. This analysis yielded no
significant hit and therefore suggests the absence of BCH domains
in the bacteria and the Archaea. This large dataset was taken as a
resource for characterizing and classifying the BCH domain within
the Sec14 superfamily. In addition, we also identified 98 proteins
from eight representative organisms that belong to other sub-
groups within the Sec14 superfamily. These were aligned with the
dataset of 175 BCH domains, which based on their alignment with
CRAL_TRIO domains were isolated from their full-length
proteins. This set of BCH domains has longer amino-acid
sequences as these sequences include N-terminal amino-acid
extensions than previously reported [13]. We show in this article
that this extra N-terminal extension is essential for forming the
complete three-dimensional BCH domain structure. Hence, our
analysis was carried with the extended BCH domain. The multiple
sequence alignment of CRAL_TRIO/BCH domains can be
found in the Table S2.
A phylogenetic tree including 175 BCH domains and 98
CRAL_TRIO domains was constructed as described in the
methods section (Figure 1). The tree indicates several distinct
clusters of BCH domain-containing proteins (lower half of tree),
which are distinct from CRAL_TRIO domain proteins (upper half
of tree). The previously defined groups of CRAL_TRIO domains
are marked as CRALBP (cellular retinaldehyde binding protein),
MSP (motile sperm protein domain containing protein), PTP
(Phosphotyrosine phosphatases) and Sec14p-like, (see Figure 1).
We calculated the sequence identity between all pairs of domain
sequences and found that CRAL_TRIO sequences only share an
average of 12% identity with BCH domain sequences (based on
,3000 comparisons, Table 1). This analysis indicates that BCH
domains are related, but clearly distinct from CRAL_TRIO
domains. A comparison among BCH domain sequences indicates
a much higher amino-acid sequence identity (average: 38%) across
divergent organisms, Table 1. Each sub-group of CRAL_TRIO
group is functionally distinct and interacts with unique ligands; e.g.
the CRAL_TRIO domain of Sec14L group binds to phosphoti-
dylinositol, aTTP has affinity for tocopherol, CRALBP binds with
retinaldehyde [3]. The ligand specificities of the RhoGEFs and
RasGAP (represented by NF1 proteins) groups is currently
unknown. The position of these groups within the phylogenetic
tree is particularly interesting as they cluster between the BCH and
CRAL_TRIO domain groups (Figure 1). Also, the domains of the
RhoGEF and RasGAP groups share low sequence identities with
both BCH and CRAL_TRIO domains (Table 1). Importantly, no
RasGAP or RhoGEF proteins were identified in Blast searches
using either BCH or CRAL_TRIO domains as queries. Due to a
higher sequence homology with BCH domains and missing
CRAL_TRIO_N domain (characteristic of CRAL_TRIO
groups), we classified these groups as ‘BCH-like’. As indicated by
their presence in slime molds, these genes arose early in evolution.
Further, more than ten CRAL_TRIO domain-containing proteins
were identified in Drosophila melanogaster and Caenorhabditis elegans.I n
contrast, only a single BCH domain protein is encoded in the
genome of the nematode Caenorhabditis elegans.
BCH domains evolved to form three distinct functional
groups
Similar to CRAL_TRIO, the BCH domain is completely absent
in prokaryotes. The most primitive BCH domain was identified
from slime mold (Dictyostelium), coanoflagellate (Monosiga), alveo-
lates (Plasmodium, Cryptosporidium), green alga (Chlamydomonas) and
yeast. Similarly, CRAL_TRIO domains were identified in many
lower species of alveolates including Babesia (XP_001612272),
Tetrahymena (XP_001018732), Paramecium (XP_001427613, XP_
001454548) and the diatom Phaeodactylum (XP_002182927). This
indicates that BCH domains evolved from their ancestors more
than 1500 Mya ago with the appearance of Protists [46]. In the
phylogenetic tree shown in Fig. 1, BCH domains are further sub-
divided into three distinct subgroups, which based on their
phylogenetic clustering and associated protein domains were
classified as group-I, group-II and group-III BCH domains.
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and animals and therefore were designated as group-IIA
(belonging to animal species) and group-IIB (belonging to plant
species). Both groups have ‘BCH-only’ domains. In animals this is
peculiar to insects, whereas in plants these sub-groups exist in all
lineages, from lower algae to higher monocots.
Group-I BCH: Since it is found at the C-terminus of the
BNIP-2 family of proteins, the BCH group-I is also referred as
BNIP-2-BCH. The four BNIP-2 family proteins include BNIP-2,
BNIP-S (BNIP-2-Similar), BNIP-XL (Extra Long proteins) and
BNIP-H (these BNIP-2-Homologous proteins are also designated
as Caytaxins). All these proteins are involved in Rho GTPase
regulation. Their distinct clustering into four subgroups in
vertebrates has been observed for many gene families [47] and
appears to be the result of two genome-wide duplications before
the diversification of the vertebrate phylogenetic tree. It suggests
that these unique BNIP-2-type subgroups might have acquired
different functional specializations. The group-I BCH domains
show high average sequence identities between distantly related
organisms (average: 65%). As evident from the zero branch lengths
in the phylogenetic trees of all three groups (figure S2), BCH
domains are under a strong selection pressure in mammals to be
conserved. Mammals also encode a large number of BCH
domain-encoding genes in their genomes (see Figure S1).
Invertebrate genomes (Insects, Nematostella) appear to contain only
one BNIP-2-type gene which does not cluster with any of the four
sub-groups (see figure S2). Plants are devoid of group-I BCH
domain genes (also group-III). The most primitive organism with a
group-I BCH gene is a Cnidarian (Nematostella) and all four
isoforms appeared first in teleosts (Danio). Ciona, a tunicate has two
group-I BCH isoforms suggesting the divergence could have
occurred from Ciona-like ancestors. Interestingly, no group-I genes
were identified in more primitive invertebrate species, such as
nematodes. However, such species have other BCH domain
encoding genes, such as group-III BCH proteins. Group-II and III
appears to be older than group-I as they were identified in more
primitive forms. The sequence similarities within the members of
group-I BCH domains is higher (64.8%) compared to group II
(50.3%) and III (49.8%). Group-I BCH domain-containing
proteins show unique associations with other protein domains
also, among other examples, Spo7 (Pfam accession: PF03907)
domains at the C-termini of BNIP-S proteins in a few mammalian
species and DHH and DHHA2 domains at the N-termini in a few
BNIP-H and BNIP-XL proteins.
Group-II BCH: Group-II BCH domains were identified in
plants, animals and also in multiple lower organisms. The domains
from plants and animals form two distinct clusters in the
phylogenetic tree and were designated as group-IIA (animal’s
group-II BCH) and group-IIB (plant’s group-II BCH) (see Figure 1
and Figure S2). Similar to group-I BCH domains, group-II protein
domains are also usually located at the C-terminal end of proteins
and are associated with macro domains at their N-termini, which
in animals are called ganglioside-induced differentiation-associated
proteins (GDAP). In plants, group-II BCH domains are found in
the family of Appr1p processing enzymes (AEP). This is the first
report of BCH domains found in plants. Both plants and animals
have one distinct clade in the phylogenetic tree depicted in
Figure 1, in which the BCH domain is not associated with any
other protein domain. In animals, this ‘BCH-only’ group is only
found in insect species. These insect BCH-only domain proteins
appear to have arisen by the loss of other associated protein
domains. In plants, most BCH-only proteins were identified in
higher plants. However, as they also can be found in green algae,
they must have arisen much earlier in evolution. These genes
might have arisen either by the loss of the macro domain (as
appears to be the case in insects) or from their slime-mold-like
ancestors, which associated with a macro domain later in
evolution. The BCH-only proteins are probably essential in
plants. However, they disappeared in most animal species.
Therefore, it will be interesting to analyze their role in insects
and in plants. Plants lack other types of BCH domain proteins,
specifically group-I and group-III representatives. Possibly due to
the whole genome duplication, Populus encodes 6 BCH domain
genes [48]. Group-IIB BCH domain proteins are found in lower
organisms, like slime molds (Dictyostelium), moss (Physcomitrella) and
green algae (Ostreococcus). Similar to group-I proteins, the
mammalian group-II BCH domain proteins exhibit a high
sequence similarity amongst themselves (.95%), indicating a
more recent evolutionary split.
Group-III BCH: Group-III BCH domains are unique as they
are located at the N-terminus of proteins. As they are associated
with a RhoGAP domain at their C-terminus, they are referred as
RhoGAP-type BCH domains. They are more divergent in
mammalian species and other higher species and express two
group-III BCH isoforms, which are associated with RhoGAP and
BPGAP (BCH domain containing, Proline-rich and Cdc42GAP-
like protein) [17] domain respectively. Nematodes (Brugia,
Caenorhabditis) have only one group-III BCH domain genes.
Trichoplax, a Placozoan, has group-II and group-III BCH proteins,
but no group-I BCH domain protein. No BCH domain is
associated with a RhoGAP domain in plants. It is interesting to
point out that in plants, RhoGAPs of REN family contain a
Table 1. Average sequence identity within and across the groups of Sec14 superfamily.
Group-I Group-IIA Group-IIB Group-III NF1 RhoGEFs CRAL_TRIO
Group-I 64.8 (2278)
Group-IIA 24.8 (2040) 57.4 (435)
Group-IIB 24 (2244) 28.1 (990) 43.3 (528)
Group-III 33.4 (2788) 30.6 (1230) 24.2 (1353) 49.8 (820)
NF1 15.1 (884) 18.6 (390) 16.9 (429) 16.9 (533) 36.4 (78)
RhoGEFs 12.2 (1088) 14.2 (480) 12.1 (528) 14.5 (656) 12.9 (208) 41.5 (120)
CRAL_TRIO 13.3 (4692) 12.2 (2070) 12.7 (2277) 11.2 (2829) 13.8 (897) 14.9 (1104) 21.4 (2346)
The average sequence identity is given as calculated between all pairs of sequences. The numbers in bracket refers to the number of comparisons made in each group.
The values are higher when compared within the group. The domains of NF1 and RhoGEF groups share comparable sequence similarity with BCH and with CRAL_TRIO
domains. Thus, the domains of these proteins were referred as ‘BCH-like’.
doi:10.1371/journal.pone.0033863.t001
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relatives of BCH domain proteins are also associated with a PH
domain, which plays a crucial role in gating the lipid-binding
cavity. The other plant RhoGAPs are commonly referred to as
RopGAPs (Rho of plants) and are associated with a Cdc42/Rac
interactive binding (CRIB) motif at their N-terminus [50]. This
motif has not been observed in animal RhoGAPs. By targeting
RopGAPs to small GTPases through direct interactions [51] and
through interactions with other downstream effectors [52], this
CRIB motif is postulated to contribute to the regulation of the
GAP activity. Recently it has been shown to play a role in forming
high affinity complexes with specific Rho proteins and GAP
domains and acts as a lid for binding and releasing Rho of plants
[53]. This is similar to BCH domains, which are proposed to
modulate the GAP activity in p50RhoGAP through their direct
interaction with Rho [19]. Previously, a part of BNIP-2 BCH
domain has been found to share sequence similarity with the
CRIB motif [18]. Therefore, it is tempting to speculate that in
plants the function of group-III BCH proteins was taken over by
CRIB proteins.
Based on overall protein domain architecture and phylogenetic
clustering, we hypothesize that the co-evolution of associated
domains with BCH domains resulted in an additional functional
divergence and complexity of the gene family. As CRAL_TRIO
proteins diverged to bind multiple different hydrophobic mole-
cules, we speculate that BCH proteins also have evolved to bind
multiple ligands, many of which still need to be identified. The
BCH family is the most distantly related subgroup within the
Sec14 superfamily and is most closely related to NF1. Interest-
ingly, similar to NF1 the slime mold BCH domain is also
associated with a RasGAP domain (XP_645456). None of the
group-I BCH is found in Dictyostelium discoideum. We therefore
speculate that BCH might have diverged from an NF1-like
ancestor, which had a RasGAP domain. Later, they probably
associated with RhoGAP and macro domains through chromo-
somal recombination.
A Sequence logo that distinguishes CRAL_TRIO and BCH
domains
Multiple BCH domain sequences are included in the Pfam
(release: 25) entry of CRAL_TRIO domains (Pfam accession:
PF00650) and used for constructing a common domain profile.
However, we postulate that CRAL_TRIO domains have distinct
features from BCH domains. This hypothesis is supported by our
finding that the HMM profile for CRAL_TRIO in the Pfam
(release: 25) database fails to identify CRAL_TRIO domains in 4
RhoGEFs, 12 NF1 and 20 out of 175 BCH proteins (indicated by
orange rectangles in Figure 1). However, all these proteins belong
to the RhoGEF, NF1 and BCH groups and in many cases only a
subset of sequence was recognized as a CRAL_TRIO domain
(small yellow rectangles in Figure 1). Here, we have created
separate sequence logos for BCH and CRAL_TRIO domains and
show that the two domains are clearly distinguishable from each
other. The sequence logos were created from 69 CRAL_TRIO
(excluding NF1 and RhoGEFs) and 175 BCH domain sequences.
NF1 and RhoGEF sequences were excluded as they exhibit
homology with both BCH and CRAL_TRIO domains; Table 1.
The conservation of unique residues in BCH domains is marked
with arrows in Figure 2 and position values are given in Table 2.
The BCH sequence logo reveals a clear pattern of the
characteristic residues that are conserved within the BCH domain
and are missing in CRAL_TRIO domains. Examples are: P176,
P221 and H248 (see Table 2). Additional characteristic positions
are marked with arrows in Figure 2. On the other hand,
CRAL_TRIO domains also have signature residues, which are
absent or poorly conserved in BCH domains. For example, E152
(84%) and D178 (94%) are characteristic for CRAL_TRIO
domains and are missing in BCH domains. However, the C-
termini of both domains show similarities in their amino-acid
sequences. We determined R(R/K)h(R/K)(R/K)NL(R/K)xhhh-
hHPs as a unique BCH domain sequence motif. ‘h’ refers to any
large and hydrophobic residue and ‘s’ is small and weekly polar
residue (A, T, G, S). The motif forms a patch of positively charged
residues, named the ‘Arginine/Lysine patch’. It is conserved in
BCH domains from slime mold to mammalian species. These
observations suggest that BCH represents a distinct domain from
CRAL_TRIO and that it diverged from CRAL_TRIO-like
ancestors and acquired unique functional capabilities. The
uniquely conserved residues within BCH domains can be used
as hallmark signatures to identify BCH domains in unknown
protein sequences. As an example; the domain of Dictyostelium
discoideum RasGAP protein (XP_645456: 509–711) was previously
classified as a CRAL_TRIO domain [10]. However, based on
presence of characteristic sequence motifs, the present study
clearly identifies the corresponding region as a BCH domain.
The conserved residues within CRAL_TRIO domains have
structural and functional implications and the absence of these
residues in BCH domains suggests their distinct nature. For
example, position E152 (corresponding to E141K mutation in
aTTP) is associated with the disease ‘Ataxia with Vitamin E
deficiency’ (AVED) [54]. The large amino-acid side-chain at
position G266 (.95% conserved in CRAL_TRIO) is known to
cause steric hindrance and destabilization of the hydrophobic
pocket [8]. This is also confirmed by an in-silico molecular
dynamics simulation study of mutant G266D Sec14p [55]. This
important Glycine residue is completely missing in BCH domains
(also in the BCH-like groups). This indicates that functional
differences governed the evolutionary divergence of BCH and
CRAL_TRIO domains.
The BCH domain diverged from the CRAL_TRIO domain
as a distinct functional unit
Many new genes diverge from their preexisting ancestors by
gene duplication events and often acquire unique functional
capabilities. These changes are usually reflected in their amino-
acid sequences. As discussed, BCH domains exhibit functional
features, which are not found in other members of Sec14
superfamily, such as GTPases binding activity, homo and
heterophillic interactions [56] etc. In addition, in the phylogenetic
tree of Sec14 superfamily, BCH protein domains form a cluster
distinct from CRAL_TRIO protein domains. No hit was obtained
from the CRAL_TRIO group of Sec14 superfamily using BCH
sequences as a query in PSI-BLAST searches and vice versa,
indicating that they are distantly related groups. BCH domains are
associated with BNIP-2-N (the N-terminal conserved domain
within the BNIP-2 proteins), macro or RhoGAP domains at their
N- or C-terminus. In contrast, CRAL_TRIO domains are
characteristically associated with a four helical bundle domain at
their N-termini, which is called CRAL_TRIO_N. This CRAL_-
TRIO_N domain is thought to be involved in the stabilization of
the lipid binding cavity, which is situated within the CRAL_TRIO
domain [8]. Together these sub-domains define the complete
‘Sec14-domain’ [57]. This functionally important CRAL_-
TRIO_N domain is absent in BCH domain-containing proteins
and also in the RhoGEF and NF1 groups (BCH-like) of Sec14
superfamily. These observations, combined with the distinctions as
identified by the sequence logo, establish the fact that the BCH
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PLoS ONE | www.plosone.org 6 March 2012 | Volume 7 | Issue 3 | e33863Figure 2. Sequence logos of CRAL_TRIO and BCH domains. The sequence logos derived from 175 BCH and 78 CRAL_TRIO domain sequences
are shown in this figure. The conserved residues are marked with arrows and the numbering is given according to the yeast Sec14p protein (NCBI
accession: NP_013796) for CRAL_TRIO domains and the human BNIP-2 protein (NCBI accession: NP_004321) for BCH domains. The approximate
positions of a-helices and b-beta strands are indicated at the bottom by blue cylinders and red arrows. In order to avoid any biased data, the ‘BCH-
like’ groups (NF1 and RhoGEFs) were excluded from the logo calculation. These logos reveal characteristic differences between BCH and CRAL_TRIO
domains. Unique positions within the two groups are marked by arrows. BCH domains have a unique signature motif R(R/K)h(R/K)(R/K)NL(R/
K)xhhhhHPs in which ‘h’ refers to any large and hydrophobic residue and ‘s’ is a small and weekly polar residue (A, T, G, S). This motif is missing in
CRAL_TRIO domains. The motif contains a patch of positively charged residues referred to as an Arg/Lys patch. Similarly, as exemplified by the
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TRIO domain group.
Evolutionary clues from the gene structure of BCH
domain-encoding genes
The number and position of introns revealed additional clues
about the divergence of BCH domain-encoding genes (Figure 3).
The absence of introns in more primitive species (Dictyostelium)
indicates that the ancestral BCH sequence did not contain introns
and different BCH domains evolved from their ancestors through
intron insertion. This is similar to that observed by Qiu et al. in
their study of 677 eukaryotic protein coding genes from 10 families
[58]. Only fungal species have .5 introns. In general, the introns
were inserted in the middle of protein alpha helices in animal
species and in polypeptide loops in plant species. However, the
insertion sites are not strictly conserved across all BCH sequences/
groups and there are exceptions to this observation. No intron
insertions were observed in b-strands. This might indicate that
these strands form the conserved core of the BCH domain and are
under stronger evolutionary pressure compared to helices and
mobile loops. It is interesting to note that loop (connecting a strand
with helix) in each of the exon in BCH domain has one highly
conserved Proline residues (P176, P221, P249) followed by an
Arginine/Lysine. This suggests the possibility that preexisting
exons evolved by duplication. An interesting example in our
dataset is group-IIA BCH domain of the mosquito Culex
quinquefasciatus (accession: XP_001847511). It has two exons
(amino acid 89 to 186), which are identical to two other exons
(amino acid 187 to 284). A tandem duplication event has been
reported in the NF1 gene, which results in Watson and Noonan’s
syndrome [59]. However, this is located in the linker region that
joins the ‘BCH-like’ domain with the PH domain [60] and
corresponds to the C-terminal a-helix of the BCH domain. A
comparison of intron insertions in plants with animal BCH
domain also indicates that they have diverged along separate line
of evolution. In plants, the introns were preferably inserted in
protein loops. Plant subgroup-II genes have four or more introns,
while BCH-only genes in plants (subgroup-I) have only two
introns. BCH-only genes in insects also have two introns and the
insertion sites are different from the plant BCH-only group genes,
suggesting that they diverged from separate ancestors. Similarities
in the intron insertion patterns of group-I and group-III BCH
genes support the hypothesis that they have evolved by domain
swapping.
We also observed insertions at the C-termini of BCH domains
through alternative splicing (figure S3). The conservation of
insertion sequences in BCH protein isoforms might indicate a
conservation of their functional plasticity across a wide range of
species. Since it does not appear to contribute to any lipid binding
activity, it might alternatively be involved in mediating important
protein-protein interactions.
Three-dimensional structure of BCH domain
So far, no molecular structure for any BCH domain has been
experimentally determined and published. The three dimensional
structures for NF1, CRALBP and Sec14p are highly similar for
their core region, which excludes the N and C terminal regions. In
the absence of clearly defined sequence homologies, the molecular
structures for all three subgroups of BCH domains i.e. group-I
(HsBNIP-2: NP_004321), group-II (HsGDAP: NP_060156),
group-III (HsRhoGAP: BAG60756) were calculated and predicted
using I-TASSER server [36] which uses a de-novo method for its
predictions combining laws of comparative and ab-initio model-
ing. In this context, it will be interesting to have a method, which
can predict the three dimensional structural models based on the
evolutionary information within the sequence alone. One such
method has been recently proposed by Marks et al. [61]. In our I-
TASSER protocol, NF1 was identified as the most closely related
structure and the predicted three dimensional structure showed a
typical a/b fold with alternating a-helices and b-strands, which is
reminiscent to CRAL_TRIO domains. In addition to N and C-
terminal strands, designated as b(N) and b(C), we defined the
structural core of the BCH domain as three pairs of alternating a-
helices and parallel b-strands, which enclose a hydrophobic cavity.
The b(C) is parallel to the core b-sheet. The helices are
amphipathic with hydrophobic residue facing inside and lining
aromatic residue in the middle of three a-helices, many of the hydrophobic residues (shown in grey) are conserved at various positions. The
conservation of long and hydrophobic residues in the b-strands provides a hydrophobic surface.
doi:10.1371/journal.pone.0033863.g002
Table 2. Conservation of residues characteristic of (a) CRAL_TRIO and (b) BCH domains of the Sec14 superfamily.
(a) Residues conserved within CRAL_TRIO domains (b) Residues conserved within BCH domains
CRAL_TRIO BCH BCH CRAL_TRIO
E152 84.1 - (R/N)165 90.1 -
D178 94.2 - P176 87.3 -
P206 91.3 - (H/N)212 89 -
P218* 89.9 90.6 P221 87.8 -
(K/R)239 85.5 99.5 (K/R)238 92.8 -
P(261) 81.2 97.8 (K/R)239 87.3 -
G(265) 89.8% - (N)240 87.9 -
G(266) 97% - (H)248 98.3 -
(K/R)271 99.5 -
The numbering of residues is given according to the positions of residues in yeast Sec14p and Human BNIP-2 proteins in Table columns (a) and (b) respectively. Only
values above 50% are given in the table. *Proline residues of CRAL_TRIO and BCH domains are not in single column in multiple sequence alignment, they are conserved
at one position apart (Figure 2).
doi:10.1371/journal.pone.0033863.t002
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PLoS ONE | www.plosone.org 8 March 2012 | Volume 7 | Issue 3 | e33863Figure 3. Gene structure of BCH domains. The gene structures of BCH domains are shown for four representative organisms, Homo sapiens,
Drosophila melanogaster, Arabidopsis thaliana, Dictyostelium discoideum. Their accessions are NP_056040 (Hs group-I), CAQ06715 (Hs group-II),
NP_060156 (Hs group-III), ABY20545 (Dm group-I), NP_724599 and NP_724597 (Dm group-II), NP_648552 (Dm group-III), NP_564960 and NP_195300
(At group-II), XP_638573 (Dd group-II), XP_645940 (Dd group-III). The positions of introns are marked by arrows on the secondary structure (not
scaled) of the BCH domain. With few exceptions, BCH domains of other organisms within the same group exhibit similar intron insertion patterns.
Plants and lower organisms have no group-I BCH representatives. Except the ‘BCH-only’ gene, which has two introns, the BCH domain genes of
Dictyostelium discoideum (XP_645456: primitive-type, with RasGAP domain and XP_640612) are intronless. Similar insertion positions in plant group-II
genes suggest that they might have evolved from ‘BCH-only’ genes through intron insertions and association with macro domain later. These introns
were preferentially inserted in the three alpha-helices and in loops (in plants).
doi:10.1371/journal.pone.0033863.g003
Figure 4. Predicted three dimensional structures of BCH domains. (a) A predicted three dimensional structure of the HsBNIP-2 BCH domain is
displayed in this figure. The highly conserved proline residues are shown in yellow in a sphere representation. They are positioned in loops
connecting the b-strands and a-helices. The patch of positively charged residues (called as Arg/Lys patch) is highlighted in blue color and the highly
conserved residues H248, K271 are marked. (b) The side-chain of K271 comes in close contact with the backbone oxygen of R238 in the Arg/Lys patch
(shown in zoomed box). This predicted interaction could provide added stability to the helical loop, which likely gates a lipid-binding cavity. (c) The
side-chain of N189 from the Rho-binding region interacts with the side-chain of D143 of N-terminus a-helix (distance: 2.7 A ˚). This indicates that the N-
terminus helix might be involved in Rho binding activity.
doi:10.1371/journal.pone.0033863.g004
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with the Jpred predictions [62]. The structures were predicted with
high quality as judged by I-TASSER C-score (average: 1.1) and
TM-values (average: 0.86). The structure of the BNIP-2-BCH
domain as predicted by the ROBETTA server showed a good
agreement with the I-TASSER prediction. However, because of
major difference in the orientation of helix 3, the root mean
squared deviation between the two structures was 3.4 A ˚. The
helix3 was displaced by ,10 A ˚ in the ROBETTA predicted
structure and thus the cavity appeared to be more open for ligand
entry. Similarly, a kinking of corresponding helices has also been
shown to cause an increase of the cavity volume for the yeast
Sec14p structure [8]. The predicted structures for all three types of
BCH groups exhibited a high similarity with an average root mean
squared deviation of 1 A ˚.
Three-dimensional structure highlighted important
residue interactions
The predicted three-dimensional structures of BCH domains
will help us to identify and better understand the functional
importance of specific residues that are uniquely conserved within
the BCH domain. It also revealed putative residue interactions,
which might be involved in important functional aspects. The
conserved HP-motif in BCH domains coincides with the NC-motif
in NF1. The NC motif is proposed to cover the ligand entry site
[10] or to be required for interactions with other proteins.
Interestingly, it is located close to residue N277 (,8A ˚), which
corresponds to the Cayman ataxia mutation S301R in human
BNIP-H (Caytaxin) [27]. It is surprising to observe that all higher
plant BCH domains have a conserved Arginine residue at this
position. However, this residue does not appear to affect the lipid
binding property of these proteins rather it might facilitate
important protein-protein interactions. All the conserved Proline
residues are found in loops that connect helices with strands and
therefore might be critical for maintaining the overall domain
conformation (e.g. sharp turns). Another conserved residue in
BCH domains is Lys271 (HsBNIP-2 BCH numbering), which
corresponds to K239 in yeast Sec14p and R221 in aTTP. A
missense mutation at K239 in Sec14p has been reported to abolish
PtIns transfer activity [55,63] and a R221 mutation in aTTP is
associated with a hereditary disorder known as AVED (ataxia with
vitamin E deficiency) [6,54,64]. Being a part of a ‘hinge unit’,
K239 might also contribute to controlling the movements of the
helical gate [55]. In our modeled structure of BCH, this conserved
Lysine (K271) forms a hydrogen bond with the backbone of the
R238 residue (distance: ,2.8 A ˚) which is part of the hallmark
sequence motif of BCH domains (Figure 4), which forms a Arg/
Lys patch at the base of hydrophobic cavity. Similarly, in Sec14p,
K239 has the potential of forming a salt-bridge with E207.
Although this interaction is not documented, it may allow this
Figure 5. Diversification of BCH domains. BCH domains evolved from a CRAL_TRIO like ancestor and diverged into three subgroups with
distinct protein domain architectures. This figure displays the predicted path of divergence for each of the three BCH subgroups. Plant and animal
BCH subgroups diverged independently. The ‘BCH-only’ subgroups of plants and insects also descended from different ancestors. This is evident from
their phylogenetic clustering and their gene-structure. Group-I BCH proteins/genes might have arisen after domain swapping events. Nematodes
have only group-III BCH domain proteins, which are associated with a RhoGAP domain. The divergence into three distinct subgroups in the following
lineages is therefore the result of either another domain swapping event or an unknown intermediate ancestor.
doi:10.1371/journal.pone.0033863.g005
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binding a lipid ligand or to providing stability and rigidity to the
conformation of the cavity. The patch of positively charged
amino-acid residues might attract lipid head groups and thus BCH
domains might interact with lipids containing an acidic head
group.
BCH domains have also been shown to directly interact with small
GTPase RhoA proteins and to be crucial for regulating the GAP
activity in p50RhoGAP [19]. They also control RhoA activation
through an interaction with regulator protein Lbc RhoGEF. This has
been demonstrated for the BNIPXL protein [23]. In our predicted
structure, the putative Rho binding motif extends from a1t ob2
(Figure 4a, 4b). The side-chain oxygen of Asn (N189) in this motif is
located within the hydrogen bonding limit (distance: 2.74 A ˚)o fA s pi n
the N-terminal helix (D143).Interestingly, this position isoccupied by
positively charged residues (N, K, R, H) in 85% of BCH sequences
and in 80% in group-III BCH (RhoGAP group) sequences. This
observation points to a possible role of the N-terminal helix in
regulating Rho binding activity. No such conservation has been
observed for the corresponding positions in CRAL_TRIO domains.
However, their N-termini also contain conserved positively charged
amino-acid residues (81%).
Discussion
Similar structural features within proteins often indicate a
common evolutionary origin. Subsequently, changes and a
divergence of the primary sequence lead to functional specializa-
tions. Unlike conventional CRAL_TRIO domains, BCH domains
are usually implicated in controlling cell dynamics by modulating
the activity of small GTPases and their regulator proteins. These
activitiesappeartobe independent ofinteractionswithhydrophobic
ligands. Here we show that BCH domain-containing proteins
diverged from the CRAL_TRIO gene family and acquired unique
sequence features, which might contribute to their ability of binding
ligands other than lipids. Thisdivergence occurred duringevolution
as early as the appearance of protists. Among the three BCH
subgroups, group-III (RhoGAP-type) appeared first and all three
groups further diverged by intron insertion, domain swapping and
gene duplication events. A possible evolutionary path for all three
subgroups of BCH domain genes is depicted in Figure 5. This figure
highlightsthe important events,which we postulateoccurred during
the divergence of BCH domains from their ancestor in various
groups of organisms. Understanding the point of divergence and
unique features of BCH and CRAL_TRIO domains is particularly
interesting in the light of observation that BCH domains directly
bind small GTPases and their regulators GAPs and GEFs, to
modulate signaling cascades. The hydrophobic nature of these
domains may also contribute to these interactions through
homophilic or heterophilic associations as shown in BNIP-2 protein
[56]. In addition, various long chain hydrophobic residues, which
form a potentialbinding cavity within the BCHdomains, have been
conserved. This raises the possibility of interactions with hydro-
phobic ligands. Further structural and functional studies need to be
carried in order to understand the potential implications for small
GTPase signalling mediated by BCHdomains. Thiswill also lead to
a better understanding of the functional roles involving other,
previously uncharacterized ‘BCH-like’ domain-containing proteins.
Supporting Information
Figure S1 Taxonomic distribution of BCH domains
across species. The numbers shown in this figure do not
include alternative splice protein isoforms. Grey bars indicate the
number of genomes represented in that group, while blue bars
indicate the number of BCH domain-containing proteins, which
were identified by database searches. Overall, mammalian
genomes encode the highest number of BCH domain proteins,
while lower organisms have only one or two BCH genes.
(TIFF)
Figure S2 Neighbor-Joining trees of BCH groups. The
group-I, IIA, IIB and III BCH subgroups have 68, 30, 33 and 41
members respectively. In order to maintain clarity, the percent
bootstrap values are shown for all branches except smaller
branches. Accession numbers are displayed only if more than
one BCH domain sequence was identified from one organism.
The protein accession numbers for others can be found in the
Table S1. The abbreviations used are as follows; Dr: Danio rerio,
Tn: Tetraodon nigroviridis, Ci: Ciona intestinalis, Dd: Dictyostelium
discoideum, At: Arabidopsis thaliana, Rc: Ricinus communis, Pt: Populus
trichocarpa, Gm: Glycine max, Mt: Medicago truncatula, Ps: Picea
sitchensis, Zm: Zea mays, Os: Oryza sativa.
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Figure S3 Alternative splicing within BCH domains. We
investigated the alternative splicing at the C-termini of all three
major groups of BCH domain proteins. Most of these isoforms
were identified in mammalian species and only one from Xenopus
and Danio suggesting functional complexity in higher organisms. A
number of isoforms were identified in group-II BCH domains of
Pan troglodytes (Chimpanzee). The functional implication of splice
isoforms has been demonstrated for the BCH domain of the
HsBNIP-S protein. The isoform BNIP-Sa containing a complete
BCH domain mediates the pro-apoptotic effect, whereas the
alternatively spliced isoform BNIP-Sb is lacking such a domain
(having only half of sequence of BCH domain) and functionality
[14].
(DOC)
Table S1 The table contains NCBI Accessions of 175
BCH domain-containing proteins and 98 other proteins
representing the BCH-like and CRAL_TRIO groups of
the Sec14 superfamily.
(XLS)
Table S2 The file contains multiple sequence align-
ments of 175 BCH domains and 98 BCH-like and
CRAL_TRIO domains.
(DOC)
Author Contributions
Conceived and designed the experiments: ABG BCL. Performed the
experiments: ABG LEW. Analyzed the data: ABG LEW YTZ MH BCL.
Contributed reagents/materials/analysis tools: ABG LEW YTZ MH BCL.
Wrote the paper: ABG MH BCL.
References
1. Bankaitis VA, Mousley CJ, Schaaf G (2009) The Sec14 superfamily and
mechanisms for crosstalk between lipid metabolism and lipid signaling. Trends
in Biochemical Sciences 35: 150–160.
2. Mousley CJ, Tyeryar KR, Vincent-Pope P, Bankaitis VA (2007) The Sec14-
superfamily and the regulatory interface between phospholipid metabolism and
membrane trafficking. Biochimica et Biophysica Acta (BBA) - Molecular and
Cell Biology of Lipids 1771: 727–736.
3. Panagabko C, Morley S, Hernandez M, Cassolato P, Gordon H, et al. (2003)
Ligand Specificity in the CRAL-TRIO Protein Family. Biochemistry 42:
6467–6474.
Divergence of BCH Domain from CRAL_TRIO Domain
PLoS ONE | www.plosone.org 11 March 2012 | Volume 7 | Issue 3 | e338634. Bankaitis VA, Aitken JR, Cleves AE, Dowhan W (1990) An essential role for a
phospholipid transfer protein in yeast Golgi function. Nature 347: 561–562.
5. Gu MX, York JD, Warshawsky I, Majerus PW (1991) Identification, cloning,
and expression of a cytosolic megakaryocyte protein-tyrosine-phosphatase with
sequence homology to cytoskeletal protein 4.1. Proceedings of the National
Academy of Sciences 88: 5867–5871.
6. Min KC, Kovall RA, Hendrickson WA (2003) Crystal structure of human I ˆ6-
tocopherol transfer protein bound to its ligand: Implications for ataxia with
vitamin E deficiency. Proceedings of the National Academy of Sciences of the
United States of America 100: 14713–14718.
7. Aravind L, Neuwald AF, Ponting CP (1999) Sec14p-like domains in NF1 and
Dbl-like proteins indicate lipid regulation of Ras and Rho signaling. Current
Biology 9: R195–R197.
8. Sha B, Phillips SE, Bankaitis VA, Luo M (1998) Crystal structure of the
Saccharomyces cerevisiae phosphatidylinositol- transfer protein. Nature 391:
506–510.
9. Schaaf G, Ortlund EA, Tyeryar KR, Mousley CJ, Ile KE, et al. (2008)
Functional Anatomy of Phospholipid Binding and Regulation of Phosphoino-
sitide Homeostasis by Proteins of the Sec14 Superfamily. Molecular cell 29:
191–206.
10. D’angelo I, Welti S, Bonneau F, Scheffzek K (2006) A novel bipartite
phospholipid-binding module in the neurofibromatosis type 1 protein. EMBO
Reports 7: 174–179.
11. He X, Lobsiger J, Stocker A (2009) Bothnia dystrophy is caused by domino-like
rearrangements in cellular retinaldehyde-binding protein mutant R234W.
Proceedings of the National Academy of Sciences 106: 18545–18550.
12. Stocker A, Baumann U (2003) Supernatant Protein Factor in Complex with
RRR-alpha-Tocopherylquinone: A Link Between Oxidized Vitamin E and
Cholesterol Biosynthesis. Journal of Molecular Biology 332: 759–765.
13. Low BC, Seow KT, Guy GR (2000) Evidence for a Novel Cdc42GAP Domain
at the Carboxyl Terminus of BNIP-2. Journal of Biological Chemistry 275:
14415–14422.
14. Zhou YT, Soh UJK, Shang X, Guy GR, Low BC (2002) The BNIP-2 and
Cdc42GAP Homology/Sec14p-like Domain of BNIP-Sa Is a Novel Apoptosis-
inducing Sequence. Journal of Biological Chemistry 277: 7483–7492.
15. Zhou YT, Guy GR, Low BC (2006) BNIP-S[alpha] induces cell rounding and
apoptosis by displacing p50RhoGAP and facilitating RhoA activation via its
unique motifs in the BNIP-2 and Cdc42GAP homology domain. Oncogene 25:
2393–2408.
16. Lua BL, Low BC (2004) Filling the GAPs in cell dynamics control: BPGAP1
promotes cortactin translocation to the cell periphery for enhanced cell
migration. Biochem Soc Trans 32: 1110–1112.
17. Shang X, Zhou YT, Low BC (2003) Concerted Regulation of Cell Dynamics by
BNIP-2 and Cdc42GAP Homology/Sec14p-like, Proline-rich, and GTPase-
activating Protein Domains of a Novel Rho GTPase-activating Protein,
BPGAP1. Journal of Biological Chemistry 278: 45903–45914.
18. Zhou YT, Guy GR, Low BC (2005) BNIP-2 induces cell elongation and
membrane protrusions by interacting with Cdc42 via a unique Cdc42-binding
motif within its BNIP-2 and Cdc42GAP homology domain. Experimental Cell
Research 303: 263–274.
19. Zhou YT, Chew LL, Lin S-C, Low BC (2010) The BNIP-2 and Cdc42GAP
Homology (BCH) Domain of p50RhoGAP/Cdc42GAP Sequesters RhoA from
Inactivation by the Adjacent GTPase-activating Protein Domain. Mol Biol Cell
21: 3232–3246.
20. Lua BL, Low BC (2005) Activation of EGF receptor endocytosis and ERK1/2
signaling by BPGAP1 requires direct interaction with EEN/endophilin II and a
functional RhoGAP domain. J Cell Sci 118: 2707–2721.
21. Buschdorf JP, Li Chew L, Zhang B, Cao Q, Liang F-Y, et al. (2006) Brain-
specific BNIP-2-homology protein Caytaxin relocalises glutaminase to neurite
terminals and reduces glutamate levels. J Cell Sci 119: 3337–3350.
22. Buschdorf JP, Chew LL, Soh UJK, Liou Y-C, Low BC (2008) Nerve Growth
Factor Stimulates Interaction of Cayman Ataxia Protein BNIP-H/Caytaxin with
Peptidyl-Prolyl Isomerase Pin1 in Differentiating Neurons. PLoS ONE 3: e2686.
23. Soh UJK, Low BC (2008) BNIP2 extra long inhibits RhoA and cellular
transformation by Lbc RhoGEF via its BCH domain. J Cell Sci 121: 1739–1749.
24. Kang J-S, Bae G-U, Yi M-J, Yang Y-J, Oh J-E, et al. (2008) A Cdo–Bnip-2–
Cdc42 signaling pathway regulates p38a/b MAPK activity and myogenic
differentiation. The Journal of Cell Biology 182: 497–507.
25. Etienne-Manneville S, Hall A (2002) Rho GTPases in cell biology. Nature 420:
629–635.
26. Hall A (1998) Rho GTPases and the Actin Cytoskeleton. Science 279: 509–514.
27. Bomar JM, Benke PJ, Slattery EL, Puttagunta R, Taylor LP, et al. (2003)
Mutations in a novel gene encoding a CRAL-TRIO domain cause human
Cayman ataxia and ataxia/dystonia in the jittery mouse. Nat Genet 35:
264–269.
28. Valencia CA, Cotten SW, Liu R (2007) Cleavage of BNIP-2 and BNIP-XL by
caspases. Biochemical and Biophysical Research Communications 364:
495–501.
29. Scott GB, Bowles PA, Wilson EB, Meade JL, Low BC, et al. (2010) Identification
of the BCL2/adenovirus E1B-19K protein-interacting protein 2 (BNIP-2) as a
granzyme B target during human natural killer cell-mediated killing.
Biochemical Journal 431: 423–431.
30. Li W, Godzik A (2006) Cd-hit: a fast program for clustering and comparing large
sets of protein or nucleotide sequences. Bioinformatics 22: 1658–1659.
31. Fedorov A, Roy S, Cao X, Gilbert W (2003) Phylogenetically Older Introns
Strongly Correlate With Module Boundaries in Ancient Proteins. Genome
Research 13: 1155–1157.
32. Pruitt KD, Tatusova T, Maglott DR (2007) NCBI reference sequences (RefSeq):
a curated non-redundant sequence database of genomes, transcripts and
proteins. Nucl Acids Res 35: D61–65.
33. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, et al. (2007)
Clustal W and Clustal X version 2.0. Bioinformatics 23: 2947–2948.
34. Saitou N, Nei M (1987) The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol Biol Evol 4: 406–425.
35. Letunic I, Bork P (2006) Interactive Tree Of Life (iTOL): an online tool for
phylogenetic tree display and annotation. Bioinformatics. btl529 p.
36. Roy A, Kucukural A, Zhang Y (2010) I-TASSER: a unified platform for
automated protein structure and function prediction. Nat Protocols 5: 725–738.
37. Kim DE, Chivian D, Baker D (2004) Protein structure prediction and analysis
using the Robetta server. Nucl Acids Res 32: W526–531.
38. Zhang Y (2007) Template-based modeling and free modeling by I-TASSER in
CASP7. Proteins: Structure, Function, and Bioinformatics 69: 108–117.
39. Zhang Y (2009) I-TASSER: Fully automated protein structure prediction in
CASP8. Proteins: Structure, Function, and Bioinformatics 77: 100–113.
40. Chivian D, Kim DE, Malmstro ¨m L, Schonbrun J, Rohl CA, et al. (2005)
Prediction of CASP6 structures using automated robetta protocols. Proteins:
Structure, Function, and Bioinformatics 61: 157–166.
41. Chivian D, Kim DE, Malmstro ¨m L, Bradley P, Robertson T, et al. (2003)
Automated prediction of CASP-5 structures using the Robetta server. Proteins:
Structure, Function, and Genetics 53: 524–533.
42. Kim DE, Chivian D, Malmstro ¨m L, Baker D (2005) Automated prediction of
domain boundaries in CASP6 targets using Ginzu and RosettaDOM. Proteins:
Structure, Function, and Bioinformatics 61: 193–200.
43. Laskowski RA, MacArthur MW, Moss DS, Thornton JM (1993) PROCHECK-
A program to check the stereochemical quality of protein structures. J Appl
Cryst 26, Part 2: 283–291.
44. Zhang Y, Skolnick J (2004) Scoring function for automated assessment of protein
structure template quality. Proteins: Structure, Function, and Bioinformatics 57:
702–710.
45. Holm L, Park J (2000) DaliLite workbench for protein structure comparison.
Bioinformatics 16: 566–567.
46. Feng D-F, Cho G, Doolittle RF (1997) Determining divergence times with a
protein clock: Update and reevaluation. Proceedings of the National Academy of
Sciences 94: 13028–13033.
47. Wagner GP, Amemiya C, Ruddle F (2003) Hox cluster duplications and the
opportunity for evolutionary novelties. Proceedings of the National Academy of
Sciences 100: 14603–14606.
48. Tuskan GA, DiFazio S, Jansson S, Bohlmann J, Grigoriev I, et al. (2006) The
Genome of Black Cottonwood, Populus trichocarpa (Torr. & Gray). Science
313: 1596–1604.
49. Hwang J-U, Vernoud V, Szumlanski A, Nielsen E, Yang Z (2008) A Tip-
Localized RhoGAP Controls Cell Polarity by Globally Inhibiting Rho GTPase
at the Cell Apex. Current biology : CB 18: 1907–1916.
50. Wu G, Gu Y, Li S, Yang Z (2001) A Genome-Wide Analysis of Arabidopsis
Rop-Interactive CRIB Motif-Containing Proteins That Act as Rop GTPase
Targets. The Plant Cell Online 13: 2841–2856.
51. Berken A, Wittinghofer A (2008) Structure and function of Rho-type molecular
switches in plants. Plant Physiology and Biochemistry 46: 380–393.
52. Pirone DM, Carter DE, Burbelo PD (2001) Evolutionary expansion of CRIB-
containing Cdc42 effector proteins. Trends in Genetics 17: 370–373.
53. Schaefer A, Ho ¨hner K, Berken A, Wittinghofer A (2011) The unique plant
RhoGAPs are dimeric and contain a CRIB motif required for affinity and
specificity towards cognate small G proteins. Biopolymers 95: 420–433.
54. Cavalier L, Ouahchi K, Kayden HJ, Di Donato S, Reutenauer L, et al. (1998)
Ataxia with Isolated Vitamin E Deficiency: Heterogeneity of Mutations and
Phenotypic Variability in a Large Number of Families. The American Journal of
Human Genetics 62: 301–310.
55. Ryan MM, Temple BRS, Phillips SE, Bankaitis VA (2007) Conformational
Dynamics of the Major Yeast Phosphatidylinositol Transfer Protein Sec14p:
Insight into the Mechanisms of Phospholipid Exchange and Diseases of Sec14p-
Like Protein Deficiencies. Mol Biol Cell 18: 1928–1942.
56. Low BC, Seow KT, Guy GR (2000) The BNIP-2 and Cdc42GAP Homology
Domain of BNIP-2 Mediates Its Homophilic Association and Heterophilic
Interaction with Cdc42GAP. Journal of Biological Chemistry 275:
37742–37751.
57. Saito K, Tautz L, Mustelin T (2007) The lipid-binding SEC14 domain.
Biochimica et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids
1771: 719–726.
58. Qiu W-G, Schisler N, Stoltzfus A (2004) The Evolutionary Gain of Spliceosomal
Introns: Sequence and Phase Preferences. Molecular Biology and Evolution 21:
1252–1263.
59. Tassabehji M, Strachan T, Sharland M, Colley A, Donnai D, et al. (1993)
Tandem duplication within a neurofibromatosis type 1 (NF1) gene exon in a
Divergence of BCH Domain from CRAL_TRIO Domain
PLoS ONE | www.plosone.org 12 March 2012 | Volume 7 | Issue 3 | e33863family with features of Watson syndrome and Noonan syndrome. American
Journal of Human Genetics 53: 90–95.
60. Welti S, Ku ¨hn S, D’Angelo I, Bru ¨gger B, Kaufmann D, et al. (2011) Structural
and biochemical consequences of NF1 associated nontruncating mutations in
the Sec14-PH module of neurofibromin. Human Mutation 32: 191–197.
61. Marks DS, Colwell LJ, Sheridan R, Hopf TA, Pagnani A, et al. (2011) Protein
3D Structure Computed from Evolutionary Sequence Variation. PLoS ONE 6:
e28766.
62. Cole C, Barber JD, Barton GJ (2008) The Jpred 3 secondary structure prediction
server. Nucleic Acids Research 36: W197–W201.
63. Phillips SE, Sha B, Topalof L, Xie Z, Alb JG, et al. (1999) Yeast Sec14p
Deficient in Phosphatidylinositol Transfer Activity Is Functional In Vivo.
Molecular cell 4: 187–197.
64. Ouahchi K, Arita M, Kayden H, Hentati F, Hamida MB, et al. (1995) Ataxia
with isolated vitamin E deficiency is caused by mutations in the alpha-tocopherol
transfer protein. Nat Genet 9: 141–145.
Divergence of BCH Domain from CRAL_TRIO Domain
PLoS ONE | www.plosone.org 13 March 2012 | Volume 7 | Issue 3 | e33863